We present a set of new quantitative classification criteria for major subclasses of Type I Supernovae (SNe). We analyze peak spectra of 146 SNe Ia from the Berkeley Supernova Ia Program (BSNIP), 12 SNe Ib, 19 SNe Ic (including 5 SNe Ic-BL) and 4 SNe Ib/c. All the spectra are within 5 days of maximum light. We study their absorption line depths relative to the pseudo-continuum at around observed wavelength λ6150Å, attributed to Si II λ6355Å for SNe Ia and Ic and to hydrogen for SNe Ib, and O I λ7774Å observed around λ7500Å. We found that Type I SNe could be quantitatively classified using the line depths at these two absorption regions. Type Ia SNe, including normal SNe Ia, Ia-1991bg and Ia-1999aa, show strong signatures of Si II near peak with relative line depth values of a(λ6150Å) > 0.35. Only SNe Ia-2002cx (Iax) do not satisfy this criterion, while the a(O I λ7774Å) index can separate SNe Ia-1991bg and Ia-1999aa cleanly. Type Ib SNe satisfy that a(λ6150Å) < 0.35 and a(λ6150Å)/a(O I λ7774Å) > 1, while regular Type Ic SNe show a(λ6150Å) < 0.35 but a(λ6150Å)/a(O I λ7774Å) < 1. These quantitive classification criteria work well for the majority of normal Type I SN subclasses. Peculiar SNe Ia-2002cx and SNe Ic-BL are the exception. We apply these criteria to provide clear identifications to intermediate or unclear SNe Ib/c. The results show good consistency with classification using specific spectral line features. Though there are still some puzzles about the physical mechanisms driving the diverse line ratios, our method is an accurate empirical method to identify the majority of Type I SNe.
1. INTRODUCTION The classification of SNe has been a systematic and longlasting problem for astronomers since the middle of the 20th century. The first classification of SNe, based on spectroscopic data, was introduced by Minkowski (1941) . Minkowski's well-known classification criterion is that those SNe whose spectra show prominent signatures of Hydrogen were classified as Type II SNe, while Type I SNe did not show evidence for Hydrogen in their spectra.
After this first influential step, the following decades witnessed the introduction of several new SN subclasses. Among the Hydrogen-deficient Type I SNe, a new subclass of SNe Ib was noticed and differentiated from the dominant group (SNe Ia) by Wheeler & Levreault (1985) and Elias et al. (1985) . Later Harkness et al. (1987) identified signatures of He I in peak spectra of SNe Ib and Wheeler & Harkness (1990) introduced the term SN Ic for a subclass of SNe Ib that did not show strong Helium absorption but were otherwise similar to SNe Ib (and different from SNe Ia).
During the last 20 years, with the rapid development of observation and data reduction techniques as well as the launch of several ambitious SN survey projects, a number of Type I SNe with peculiar photometric properties or spectroscopic features have been discovered, leading to the establishment of several subclasses, for instance, SN Ia 1991bg-like events whose prototype was first described by Filippenko et al. (1992) , SN Ia 2002cx-like events, initially presented by Li et al. (2003) and discussed in detail in Foley et al. (2013) and White et al. (2015) , as well as broad-line Type Ic SN events (Ic-BL), showing extreme values of velocity dispersion at and before peak which cause individual spectral lines to blend together (e.g. Mazzali et al. 2000; Xu et al. 2013; Modjaz et al. 2016) . Some SNe Ic-BL events attract a lot of attention due to their association with high-energy GRB events (for a review see Woosley & Bloom 2006) . All of these discoveries enhance the diversity of Type I SNe, while a connection with the physical mechanism of SN explosion remains elusive. An updated review of SN classification is presented in Gal-Yam (2016) .
The studies of Nugent et al. (2011) and Bloom et al. (2012) of the SN Ia 2011fe constrain the size of its progenitor, making a compact white dwarf (WD) the most likely progenitor star. However, the detailed physical scenario of these explosive events still remains an open question. Meanwhile, we have strong evidence that normal Type Ib and Ic SNe originate from massive progenitor stars (e.g. van Dyk 1992; Smartt 2009 ). The study of the SN Ib iPTF13bvn preexplosion imaging, presented by Cao et al. (2013) as well as Fremling et al. (2014) , shows an apparent massive progenitor and directly demonstrates the physical origin of SNe Ib. Direct evidence of the progenitors of SNe Ic is still missing. From similar spectral features shared with SNe Ib as well as arXiv:1707.02543v1 [astro-ph.HE] 9 Jul 2017 host galaxy population and locations, it is widely believed that SNe Ic are also the result of the core collapse of massive stars.
Historically, SNe are classified by spectroscopic features (Filippenko 1997; Gal-Yam 2016) . For example, SN Ia spectra around maximum light are characterized by conspicuous absorption around λ6150Å, which is produced by blueshifted Si II λ6355Å, while this feature is weak in SN Ib and Ic spectra (Wheeler et al. 1995) . SNe Ib are defined by displaying strong He I λλλ5876Å 6678Å 7065Å absorption lines in near-peak spectra. These events also show an absorption line near λ6150Å whose nature is still debated Liu et al. 2016) . Normal SNe Ic are overall similar to SNe Ib but by definition they do not show the three strong characteristic He I features near peak.
However, there still exist some problems with these traditional and well-developed classification criteria. The first issue is that this classification is not quantitative, due to many historical reasons. The definition of Type I SNe is based on unquantified spectroscopic distinctions (i.e, whether silicon and helium absorption lines exist or not) around their peak luminosity. Though such an empirical criterion works well for most conditions, it is often subjective or controversial (see Section 2.2.2 and 4.3). Meanwhile, the present definition of SNe Ic is based on lack of prominent hydrogen and helium features. Such a negative definition leaves a question whether all objects that are not SNe Ia, Ib or II belongs to the Type Ic class. In order to distinguish SNe Ic from other SNe accurately, we have to give a positive definition of this class.
Furthermore, the nature of some Type I SN spectroscopic features is still not confirmed. In particular, the absorption near λ6150Å in SN Ib spectra seems to be associated with Hα Liu et al. 2016) , while it may be due to Si II in SN Ic peak spectra.
Therefore, our goal in this project is to find a quantitative classification criterion for Type I SNe, just like William Wilson Morgan, Philip C. Keenan and Edith Kellman have done in 1943 to introduce the Yerkes stellar spectral classification (Morgan et al. 1943) . One option is to use the line depth technique introduced by Silverman et al. (2012a) . By measuring line depths of indicative lines, we aim to classify these SNe with a quantitative criterion on their absolute or relative line intensity, with different types located at different positions on a diagram. While there are many absorption lines that could probably play the role of indicators in SN spectra, we find that the conspicuous absorption lines near λ6150Å as well as O I λ7774Å can be found in almost every peak spectrum of Type I SNe. A preliminary result is presented in Gal-Yam (2016) and shows these two absorption lines may be good indicators, however, the sample size in that work is fairly small.
Here we plan to present a robust result that Type I SNe can be reclassified using the line depths of OI λ7774Å and the absorption at λ6150Å in rest wavelength around their maximum light. The SN spectra sample we adopted consists of 146 SNe Ia (including 3 SNe 2002cx-like, 1 SN 1991T-like, 21 SNe 1991bg-like, 8 SNe 1999aa-like and a single other unclassified peculiar object, namely SN2000cx), 12 SNe Ib, 19 SNe Ic (including 5 SNe Ic-BL objects) and 4 SNe Ib/c spectra around their maximum light respectively. Compared to the preliminary result mentioned above, we have increased the sample size by an order of magnitude. All the SNe Ia we utilized in this paper are from the Berkeley Supernova Ia Program (BSNIP), while some of their corresponding maximum-light time or peak spectra are from other publications. All public SNe Ib and Ic peak spectra can be found on the Weizmann Interactive Supernova data REPository (WISeREP, Yaron & Gal-Yam 2012) 1 . We include data for several PTF objects kindly provided in advance of publication (Fremling et al., in preparation) .
In Section 2 of this paper, we introduce the SN sample in detail and describe our selection criteria. The analysis methods we employed are presented in Section 3. Results are then presented and discussed in Section 4.
2. SUPERNOVAE DATA 2.1. SNe Ia
Though the total number of SN Ia discoveries is quite large, we only use BSNIP objects in this paper. The reasons we chose BSNIP are as follows.
First, BSNIP events are all located in low-redshift galaxies, which means at relatively low distances and thus probably have higher quality spectra. In addition, these SNe Ia are well-studied objects. Among the 582 SN Ia objects presented in Silverman et al. (2012b) , 199 have well-calibrated light curves, which can provide accurate phase information to 584 spectra. Since we want to study the spectroscopic features of Type I SNe at maximum light, it is crucial to know their dates of maximum. In addition, BSNIP spectra also have robust and uniform flux calibration and telluric correction.
In this paper, the major source of object subclasses and maximum dates is Silverman et al. (2012b) . Each Type Ia SN subtype is directly adopted from the BSNIP I data release 2 . 132 of the total 146 SN Ia spectra we utilized are also from BSNIP I. Phase information for 584 spectra has been provided in that paper. We combined this set with other papers studying SN Ia light curves, for example, Blondin et al. (2012) , Stritzinger et al. (2011) , as well as Krisciunas et al. (2011) which studies one specific SN Ia (SN2001ay), and enlarge the sample size of BSNIP SN Ia peak dates. All the maximum dates are with respect to B-band maximum brightness in rest-frame days.
After assembling a large sample of BSNIP SNe Ia with maximum dates, we match them to the observation dates of spectra in BSNIP I. The quality cut criteria are as follows:
1. The rest wavelength range of each spectrum should cover the range from 5800Å to 7800Å, which contains both of the absorption regions we will measure.
2. The observation date of each spectrum should fall within 5 days prior to or later than B-band maximum. This is our definition of peak spectra in this paper.
3. If there are more than a single peak spectrum for a spe-cific object, we will only use the one taken closest to its Bband maximum brightness. If the closest one is of fairly low Signal to Noise Ratio (SNR), we will turn to the second closest one and inspect its quality to decide whether we adopt it or not, and so on. 4. If there are no corresponding peak spectra in the BSNIP I spectra package, we will turn to WISeREP to find whether there are other peak spectra in this database. The quality cut criteria are the same as 1 to 3 listed above.
After this step we find that 146 SNe Ia have corresponding peak spectra which can satisfy all the criteria listed above. Table 1 shows subtype, observation date and phase information of each SN Ia object we utilize in this paper.
Totally there are 6 subtypes for SNe Ia in Table 1 , including 114 normal Ia (referred to as "SN Ia" in the table; containing SN2005ao and SN2008s5, whose subtypes remain undetermined), 1 Ia-1991T, 19 Ia-1991bg, 8 Ia-1999aa, 3 Ia-2002cx and 1 Ia-pec, following the classifications by Silverman et al. (2012b) . SNe Ia-1999aa were classified as Ia-1991T objects in some previous publications (e.g. Li et al. 2001a ) and these two subtypes show a great similarity in spectra except for Ca II H&K absorption and Si II λ6355Å line depth before maximum (Garavini et al. 2004 ). Due to this reclassification, the sample size of Ia-1991T objects has been sharply cut down. The Ia-pec subtype only contain SN2000cx, which is pointed out to be peculiar in its light curve features and spectral evolution properties (Li et al. 2001b; Silverman et al. 2013) .
Maximum date references and spectra references for these 146 Type Ia SNe are also presented in Table 1 . The heliocentric redshifts of these events are directly acquired from WISeREP and Silverman et al. (2012b) , which are originally from the NASA/IPAC Extragalactic Database (NED 3 ). In order to show the average quality of all 146 SN Ia spectra we analyze, we present 21 of them, including 9 SNe Ia (normal), 3 SNe Ia-2002cx, 1 SN Ia-1991T, 4 SNe Ia-1991bg, 3 SNe Ia-1999aa and 1 SN Ia-pec in Figure 1 . Other than the original spectra (silver line in the plot), we also plot the smooth spectra (black line) using a Savitzky-Golay filter and mark the two absorption regions we will measure and discuss in later sections of this paper. 
a We adopt phase information from Silverman et al. (2012b) , or derive the phase from the corresponding maximum date references.
b Maximum date reference: (1) Silverman et al. (2012b) ; (2) 
SNe Ib and Ic
For SNe Ib and Ic, including regular SNe Ib, regular SNe Ic, peculiar SNe Ic-BL and transitional or unclear type Ib/c SNe, we use a similar method to select appropriate spectra from WISeREP to study. Since the total number of SN Ib and Ic discoveries is far less than SNe Ia (e.g. Gal-Yam et al. 2013) , we decide to use all the data fulfilling our quality cut criteria we could find in WISeREP.
We extracted a list of SN maximum dates from WISeREP, which also contain their classification information. Then we validate the list and enlarge the sample size using additional publications and data (see following subsections for details). After this step we match the peak dates with the observation dates of the corresponding spectra in WISeREP. We find that totally 12 regular SNe Ib, 14 regular SNe Ic, 5 SNe Ic-BL and 4 transitional or unclear type Ib/c SNe have qualified peak spectra for analyzing.
Dates of Maximum
Initially the maximum date data are directly obtained from WISeREP. These peak dates should be validated before being utilized.
The band of maximum date and its reference are vacant in this database, making peak date information in WISeREP currently unreliable. In addition, the sample size is a bit low for a statistical study. Quite a large fraction of SNe Ib and Ic spectra in WISeREP are from the CfA Supernova Data Archive. Though many of these objects are calibrated with multi-color light curves (for example, in Modjaz et al. (2014) , 44 of 73 SNe have well-determined dates of maximum light to determine the phase of each spectrum), many of these spectra were taken with the FAST Instrument on the FLWO 1.5m, SAO, whose wavelength range poorly covers the O I λ7774Å absorption we would like to measure. Therefore, before we continue, we need to improve this list of maximum dates.
In order to do this necessary improvement, we use maximum light data from a number of publications, which could be found in Table 2 for each SN. We also add 5 unpublished PTF Stripped-envelope Core-Collapse Supernovae (CCSNe) into this table. 3 of these maximum dates are generated from the PTF photometry, including 2 SNe Ib (PTF10fbv and PTF10feq) and 1 unclear SN Ib/c (PTF12hvv).
For most of these SNe, we adopt a maximum date based on V-band or g-band light curves (mainly for PTF and SDSS SNe). The reason why we adopted V-band maximum instead of B-band is that B-band maximum dates are more likely to be vacant than V-band in our major references (for example, Bianco et al. (2014) present SN2005az V-band maximum dates but without B-band ones; Drout et al. (2011) only present V-band and R-band maximum dates). Since the time interval between B-band and V-band maximum is typically about -2 days (from data presented in Bianco et al. 2014) , which is much smaller than the 10 days time range of "peak spectra" we defined, it makes little difference. For the sample whose maximum dates are cited from Lyman et al. (2016) , we adopt their bolometric peak dates. The detailed band information for each SN peak date can be found in Table 2 .
Subclassification
The initial subclassification information for our SN Ib and Ic sample are also from WISeREP. Here we are going to discuss this matter in detail.
In this paper we mainly care about quantitative classification criteria of SNe Ia, Ib and Ic. Because the total discovery rate of SNe Ib and Ic is quite small (compared to SNe Ia), we could not split the sample to many subclasses of SNe Ib or Ic. Therefore, we focus on regular SNe Ib, SNe Ic and broad-line SNe Ic-BL.
Historically, when astronomers determined the type of a newly discovered SN Ib or Ic, sometimes there was ambiguity and uncertainty in the classification. For example, SN2005az, which we claim is a SN Ic event (Quimby et al. 2005) , used to be classified as a SN Ib near peak brightness according to its spectrum (Aldering et al. 2005) . This kind of confusion has not been rare at all since Type Ic SNe were distinguished from Type Ib. Therefore, we have to inspect the classification of each object we study in this paper. The detailed reference for each SN classification could be found in Table 2 . SN2000cx at 0.89d (SN Ia-pec) Figure 1. This figure shows 21 SN Ia spectra around their maximum light. In each subplot, the silver solid line (mostly covered by the black solid line) is the original spectrum (without smoothing, telluric line correcting and fitting), while the black solid line is the peak spectrum smoothed by a Savitzky-Golay filter. The blue and red solid lines represent the λ6150Å and O I absorption line regions, respectively. Both these regions have been de-blended from telluric lines and other absorption lines in the SN spectrum and fitted by a polynomial with a degree of 9 (if the curve is not smooth enough). The light blue and red shading show the difference between the pseudo-continuum and the absorption lines at the λ6150Å and O I regions, respectively, while black vertical dashed lines represent the locations of maximum line depth (see its definition at Section 3.1). In all of these spectra, wavelengths are calibrated to the rest frame according to their host galaxy heliocentric redshifts. The flux density is normalized to an arbitrary scale. As is shown in the figure, all of these peak spectra show a strong absorption at 6150Å , which is widely believed to be due to Si II absorption lines in SN Ia ejecta. Name, subtype and phase information of each spectrum could be found on each subplot.
In addition to the regular Type Ib, Ic and Ic-BL objects in the table, we also add 4 so-called SNe Ib/c to the list. Three SNe Ib/c (SN1999ex, SN2009jf, SN2013ge) are either of a transitional type between Ib and Ic or those whose classification remains controversial. SN1999ex was characterized by the lack of hydrogen lines, weak optical He I lines, and strong He I λλ10830Å and 20581Å, thus providing an example of an intermediate case between pure Ib and Ic supernovae ) motivates us to consider it as a SN Ib/c event (Gal-Yam 2016) . SN2013ge is classified as a SN Ib/c due to the lack of a strong Si II λ6355Å feature, while the detection of weak helium features indicates that it could generally be classified as Type Ic (Drout et al. 2016) .
In Section 4.3, we will try to use our quantitative classification criteria to clearly classify these events. 
a The vacancy (-) in the Band column means that the band used for determining peak dates is not mentioned in the corresponding reference (for SN1990B, SN1990I, SN1991N). 
Quality Cuts and Spectra
After constructing a list of SNe Ib and Ic maximum dates, we match them with observation dates of spectra in WISeREP.
The quality cut criteria are similar to those we used to select SN Ia spectra (see Section 2.1). We require a rest-frame wavelength range that extends from 5800Å to 7800Å (except for a single spectrum of SN2009jf that nevertheless covers the O I λ7774Å region), and spectroscopic observation obtained within 5 days around maximum dates. This is followed by quality inspection. If the closest spectrum to maximum light is of fairly low quality, for example, low SNR or bad host-galaxy subtraction, we will turn to the second closest one within 5 days to maximum date, and so on. Table 3 shows the summary of all the SN Ib and Ic spectra we adopt, including observation dates, phases, instruments and telescopes, and corresponding references. In order to demonstrate the quality of SN Ib and Ic spectra we analyze, we present 30 spectra in Figure 2 (SNe Ib) and 3 (SNe Ic). Other than the original spectra (silver line in the plot), we also plot the smooth spectra (black line) using a Savitzky-Golay filter and mark the two absorption regions we will measure and discuss in the Section 3 of this paper. 
ANALYSIS 3.1. Line Depth Measurement Method
In this section we describe our spectroscopic analysis method. Since we want to measure the line depth of the absorption regions around λ6150Å and λ7500Å relative to the pseudo-continuum, we adopt the line-depth technique presented in Silverman et al. (2012a) which was initially developed to measure the absorption region features of the BSNIP SN Ia sample. We will describe the technical details, including our improvement of their method in the following paragraphs. We then show a comparison between the Silverman et al. (2012a) and our measurement on BSNIP SNe Ia Si II and O I absorption line depths.
Initial Processing
For each of the spectra we listed in Table 1 and Table 3 , we correct the wavelength to rest-frame using the host-galaxy redshifts presented in Table 1 and Table 2 . Since interstellar reddening does not affect absorption line depth, we did not correct this effect.
Due to the high expansion velocity of the ejecta, the typical spectrum of a SN should not contain narrow absorption features. Therefore, it is reasonable to smooth the spectra and only retain broad spectral features for analysis. Each spectrum is smoothed using a Savitzky-Golay smoothing filter (Savitzky & Golay 1964) . The window size (frame length) and polynomial order for each spectrum is decided by its average wavelength interval, which is:
where w is the window size, o is the polynomial order and ∆λ is the average wavelength interval (inÅ). By smoothing the spectra, we can effectively remove small scale abnormal flux values which could be due to cosmic rays, galactic or other possible contamination. The filtering process could help us deal with low SNR spectra rather than drop them.
Pseudo-Continuum and Line Depth
One of the most difficult steps in analyzing SN spectra is determining pseudo-continua for the absorption lines. Though the local minimum for the absorption is easy to determine both by eye and by machine, it is difficult to define the endpoints of an absorption line due to several reasons. As a result of the ejecta high expansion velocity, the absorption lines in SN spectra are quite broad, and absorptions due to different transitions can blend together (for example, Si II λ6355Å may blend with He I λ6678Å, which is common in SN Ib spectra). Furthermore, especially for SNe Ic-BL, the flux blueward of the Si II λ6355Å absorption often does not reach a peak before blending with the absorption around λ5000Å (for example, see SN1998ew's spectrum in Figure  3) . A similiar problem sometimes affectes O I λ7774Å because the continuum could have a sharp slope. All these effects make absorption line endpoints hard to determine.
In order to determine the range of the absorption regions around λ6150Å and O I λ7774Å, we decided to determine the endpoints manually. Though this method could introduce human error and some subjective bias in the endpoint definition, if the measurements are conducted by only one person during a short period, the human error will mainly result in a systematic shift and the fluctuation between measurements of different spectra will be relatively small. Besides, we can also examine our measurements by comparing our line depth results with Silverman et al. (2012a) . We will present the result of this comparison at the end of this section.
In this work, the determination of the two absorption line endpoints of 181 Type I SNe are done by Fengwu Sun individually. For most cases, these endpoints present the closest peak (both blueward and redward) to the local minimum for the corresponding spectral feature, while for the situation that a nearby peak is quite far from the local minimum, we will choose the point where the spectral slope gets flat. If the absorption line is heavily blended with other lines, including other transitions in the SN photosphere, galactic emission lines, or even telluric lines, we will firstly remove this contaminating line with a linear sub-pseudo-continuum (simply replace the spectral feature with a line segment whose endpoints are the start and end points of this feature; Figure 4) and then determine the endpoints by the method we mentioned above. Under this de-blending condition, the end- SN2013ge at -1.6d (SN Ib/c) Figure 2. This figure shows all of the 9 published SN Ib and 3 SN Ib/c spectra around their maximum light. In each subplot, the silver, black, red, and blue solid line, as well as the colored filled region and black vertical dashed lines are the same as described in Figure 1 . It is clear that compared with the SN Ia spectra in Figure 1 , SN Ib peak spectra show relatively shallow λ6150Å and O I absorption. The λ6150Å line is often blended with the He I line at λ6678Å , which sometimes complicates our measurement of the λ6150Å line depth. Name, type and phase information of each spectrum could be found on each subplot.
points for the absorption line may not be the intrinsic ones any longer (e.g. SN2005bf in Figure 4 ). Since we only care about the depth rather than the width, this de-blending trick will not bring negative effects to our measurements. In this way, line depth measurements are superior to (less sensitive than) pseudo-equivalent widths (pEWs).
Once the absorption line endpoints are determined, the pseudo-continua are calculated as a linear function with the two endpoints. If the spectrum is still not smooth within the corresponding wavelength range, we will fit this part of the spectrum using a polynomial model with a degree of 9. This step can enhance the precision of line depth measurements when the bottom of an absorption line is slightly fluctuating.
After finishing all the steps we mentioned above, We calculate the line depth of each absorption. The line depth (a) is defined as:
Where F λ,c is the flux value of the pseudo-continuum, and F λ is the flux value of the spectrum after modification. Both F λ,c and F λ are functions of wavelength, and the line depth, i.e. the maximum for 1−F λ /F λ,c could always be found in a given wavelength range. We present three detailed examples of the line depth measurement procedure in Figure 4. 
Examination
In order to assess the accuracy of our line depth result, we compare our measurements of BSNIP SNe Ia with Silverman et al. (2012a) . 119 Si II λ6355Å and 40 O I λ7774Å line depth measurements among all our 146 SN Ia spectra have counterparts in Silverman et al. (2012a) . Therefore, we plot a scatter diagram to observe the consistency between the two measurements ( Figure 6, left panel) . We also calculate the difference between the two independent measurements of each absorption line. A histogram of line depth measurement differences for Si II λ6355Å and O I λ7774Å is shown in the right panel of Figure 6 .
Our interactive line depth measurement results are overall lower than Silverman et al. (2012a) , however the mean value of the differences (−0.024) is small (∼4% of the average line depth). Among all these 159 measurements, 144 (90.6%) are within 0.05 and 120 (75.5%) are within 0.025 of the Silverman et al. (2012a) results. Only 8 (5.0%) of these discrepancies are larger than 0.1 and these values are large enough to attract our attention. In Table 4 we list all these 8 abnormal measurement discrepancies. We also plot their spectra to demonstrate the validity of our measurements (see Figure 5 ). Inspection does not show any reason to suspect our result.
Alternatively, performing blind repeat measurements on both copies of the same spectra and other peak spectra of the same object taken a few days apart result in consistent measurements (< 10% difference in values), which would not influence any of the results shown in the following section.
RESULT AND DISCUSSION
In this section we intend to present the line depth measurement results and analyze their statistical properties. Since a preliminary result of Type I SN quantitative classification criteria has been formulated in Gal-Yam (2016) , here we will show an upgraded result with a larger sample size and more detailed subclass information.
Line Depth Measurement Results and Statistical Analysis
In Table 5 we present part of the line depth measurement results of 32 among all 181 Type I SN spectra, including 6 normal SNe Ia, 3 Ia-2002cx, 1 Ia-1991T, 4 Ia-1991bg, 4 Ia- SN2012ap at -2.62d (SN Ic-BL) Figure 3 . This figure shows all of the 13 published SN Ic and 5 SN Ic-BL spectra around their maximum light. In each subplot, the silver, black, red, and blue solid line, as well as the shading and black vertical dashed lines are the same as described in Figure 1 . Note that settings the SN1998bw and PTF10bzf blue endpoints of the λ6150Å line is tricky, making the analysis of these two object less reliable. Therefore we only report them for completeness. Compared with SN Ib spectra in Figure 2 , we can find that SNe Ic have a relatively strong O I absorption, while their λ6150Å line depths are still much shallower than those of SN Ia presented in Figure 1 . Name, type and phase information of each spectrum could be found on each subplot. 1999aa, 1 Ia-pec, 3 regular SNe Ib, 4 SNe Ib/c, 4 regular SNe Ic and 2 Ic-BL (the full set of measurement results is available online). In addition to the results of the λ6150Å and O I λ7774Å line depths, we also calculate their ratio which would be used for analysis in the following paragraphs.
Statistics of SNe Ia Line Depth Properties
In order to study the line depth distribution properties of SNe Ia in our sample, we plot two histograms of SN Ia Si II λ6355Å and O I λ7774Å line depth distributions respectively in the left and right panel of Figure 7 . Since we have only a single example of the 1991T-like subclass (SN1997br) and one Ia-pec (SN2000cx), these are excluded from this analysis.
From the left plot in Figure 7 , we can see that 141 of 144 (97.9%) Type Ia SNe show a prominent Si II λ6355Å absorption with a(λ6150Å) > 0.35, except for the 3 SNe Ia2002cx objects. The mean value for normal SNe Ia Si II λ6355Å depth is 0.638, represented by the dashed vertical line on the plot, with a standard deviation of 0.089. Generally, peculiar SNe Ia have shallower Si II λ6355Å lines than normal ones. SNe Ia-1991bg and Ia-1999aa are mostly located on the left of the dashed vertical line, while Ia-2002cx objects Si II λ6355Å depths are even less than 0.2. The single 1991T-like object also lies below a(λ6150Å) < 0.35, while SN2000cx is not an outlier (a(λ6150Å) = 0.384).
In the right panel of Figure Figure 4. This figure shows the regular procedure of measuring an absorption line depth, including raw spectra, Savitzky-Golay smoothing, blend removal, pseudo-continuum determination and line depth measure (from top to bottom). Three example presented here are the SN2001ex Si II λ6355Å absorption, the SN2005bf absorption around λ6200Å (blended with He I λ6678Å; this absorption may not be due to Si II) and the SN2012ap O I λ7774Å absorption (heavily affected by the Fraunhofer A band around λ7594Å). Here "raw spectrum" means the original spectrum we adopted to analyze, which has been well-reduced. In order to show every change we made to the raw spectra, we plot every previous step result as silver line on the background. Wavelength (Å) Flux (arbitrary scale) Figure 5 . This figure shows all the 8 absorption lines whose depths are abnormally discrepant from the reference values. The silver, black, red, and blue solid line, as well as the colored filled region and black vertical dashed line are the same as described in Figure 1 . Spectra are shifted such that the location of the Si II λ6355Å maximum line depth is at 6150Å. Object name, line depth measurement result and reference value for each spectra are annotated on each subplot. By presenting this plot, we intend to demonstrate that our manual measurements are reasonable and convincing, in the cases that they differ from Silverman et al. (2012a) results.
I λ7774Å line depth (0.363). However, it is obvious that the Ia-1991bg and Ia-1999aa object distributions are separated in this figure. The majority of SNe Ia-1991bg are located on the right of the dashed line, except for two outliers (SN2006ke and SN2008bt), indicating a larger O I λ7774Å line depth (mean: 0.551), while all the SNe Ia-1991aa are on the left (mean: 0.270). This could be related to the temperature sequence proposed by Nugent et al. (1995) extending from hot 1991T-like events to cool SNe Ia-1991bg. Three SNe Ia-2002cx also show shallow O I λ7774Å line depth Figure 6 . Left: Scatter plot of line depth measurement differences between this paper and Silverman et al. (2012a) , where blue and red dots represent Si II λ6355Å and O I λ7774Å absorption line measurements respectively. For those objects whose differences are greater than 0.1, we also annotate their name on the plot.
Right: A histogram of line depth measurement differences between the two works. The size of the bins along the vertical axis is 0.025. Data in each bin are stacked together.
(a(O I λ7774Å) < 0.3).
Statistics of SN Ib and Ic Line Depth Properties
Due to the low fraction of SNe Ib and Ic events among all Type I SNe, it is hard to obtain a large sample of SNe Ib&c peak spectra to analyze. Therefore, the statistical work we carry out will be relatively limited. However, it is still feasible to find some distinction between SNe Ib and Ic based on their line depth features.
In the left panel of Figure 8 we present the histogram of SN Ib and Ic λ6150Å line depth distribution. Except for a SN Ib outlier (PTF10feq) and a SN Ib/c outlier (SN1999ex), all of the objects in this plot are located on the left of the vertical solid black line at a(λ6150Å) = 0.35, which is also the left boundary of normal SNe Ia we discussed above. SNe Ib λ6150Å line depths are overall slightly larger than regular SNe Ic with significant overlap. The distribution range of SNe Ic-BL λ6150Å line depth is consistent with that of regular SNe Ic.
The histogram in the middle panel of Figure 8 shows the SN Ib and Ic O I λ7774Å line depth distributions. It is obvious in this subplot that SNe Ib show a generally shallower O I λ7774Å absorption than regular SNe Ic. The phenomenon we revealed here is in accord with several previous studies (for example, Matheson et al. 2001; Liu et al. 2016, and Fremling et al., in preparation) . SNe Ic-BL O I λ7774Å line depths are somewhat lower than regular SNe Ic, i.e. closer to SNe Ib.
Since a small number of SNe Ib and regular SNe Ic are mixed in the central subplot, to distinguish them from each other, we adopt the line depth ratio of λ6150Å to λ7774Å, i.e. a(λ6150Å)/a(O I λ7774Å), as another index. The right panel of Figure 8 a(λ6150Å)/a(O I λ7774Å) = 1, except for a SN Ic outlier, namely PTF12gzk. The line depth ratio of this object is only slightly above 1 (1.025), which is less than all the SNe Ib we analyze in this work. This result demonstrates that the line depth ratio could be used as a powerful index to distinguish the two types of SNe, though this index may not work well for SNe Ic-BL. Since Ic-BL can be easily distinguished from regular SNe Ib&c by their extreme expansion velocities, leading to prominent line widths in their spectra, this is not a major shortcoming of the method.
Quantitive Classification Criteria of Type I SNe
Based on the line depth measurements and the statistical analysis reported above, here we intend to present quantitive classification criteria for Type I SNe.
We have shown that all the regular SNe Ia, Ia-1991bg and Ia-1999aa events show prominent absorptions around λ6150Å whose depths are larger than 0.35, while SNe Ib and Ic λ6150Å depths are below this threshold. Therefore, it encourages us to adopt a(λ6150Å) as the first index to distinguish SNe Ia from regular SNe Ib and Ic. To show the distinction in OI λ7774Å line depth between SNe Ib and SNe Ic clearly, we decide to use the line depth ratio of λ6150Å to OI λ7774Å as the second index (Figure 8) . We introduce the following set of quantitative classification criteria for the majority of Type I SNe as formulae:
1. SNe Ia (including normal Ia, Ia-1991bg and Ia-1999aa) :
2. SNe Ib:
3. SNe Ic (except for Ic-BL):
To show these criteria schematically, we plot a scatter diagram ( Figure 9 ) to show all the 181 Type I SNe distribution of λ6150Å line depth and line depth ratio of λ6150Å to OI λ7774Å. 
Application and Discussion
The era of rapid development of observational techniques and instruments and international cooperation results in many SN discoveries, as well as many novel and strange SN subclasses. Among Type I SNe, the intermediate subtype between SN Ib and Ic, namely SN Ib/c, attracts our attention.
It is commonly reckoned that both SNe Ib and Ic originate from core collapse of massive stars that were stripped of their outermost hydrogen envelopes. For most conditions, SNe Ib are distinctive from SNe Ic due to helium features in their spectra around maximum light. However, the discovery of Type I SNe with transitional spectroscopic features between Type Ib and Ic SNe (e.g. SN1999ex, Hamuy et al. 2002; Stritzinger et al. 2002) indicates the difficulties of distinguishing these two types clearly and accurately.
Since the basic purpose of SN classification is to differentiate these events to several groups by their shared characters and distinctive features, we prefer to give a clear identifica- . λ6150Å line depth versus line depth ratio of λ6150Å to OI λ7774Å of 181 Type I SNe. From this plot we can see the majority of SNe Ia (various kinds of blue dots; representing normal SNe Ia, Ia-1991bg, Ia-1999aa respectively) are located on the right of the vertical dashed line at a(λ6150Å) = 0.35, while regular SNe Ib (green dots) are on the upper-left part of the plot. Regular SNe Ic (red dots) as well as Ia-2002cx objects (violet dots) show a relatively shallower λ6150Å than normal SNe Ia but deeper OI λ7774Å absorption, so they are co-located with SNe Ic in the lower-left corner. All the names of SNe Ib/c (golden dots), the Ib outlier (PTF10feq), Ia-1991T (SN1997br as the light skyblue dot), Ia-pec (SN2000cx as the purple dot) as well as several SNe Ic are annotated on the plot. The background of the plot is a density map for normal SNe Ia, Ia-1991bg and Ia-1999aa , with the relevant color bar on the right. tions to intermediate or unclear SNe Ib/c rather than leave them under an umbrella group. As we have already introduced a set of quantitative classification criteria for Type I SNe, it would be a feasible application and examination of our criteria to give clear identifications to these so-called SNe Ib/c. Among our 4 SNe Ib/c objects, 3 (PTF12hvv, SN2009jf, SN2013ge) are located in the region of regular SNe Ic. PTF12hvv does not show conspicuous helium absorption in its optical spectrum, therefore it could be reclassified as a Type Ic SN. Similarly, SN2013ge (Drout et al. 2016 ) and SN 2009jf ) also show weak helium features, especially at both λ6678Å and λ7065Å , resembling SNe Ic.
Another SN Ib/c in our sample, SN1999ex, is located beyond but quite close to the right boundary of the SNe Ib region, with a(λ6150Å) = 0.366, which is quite similar to PTF10feq. With the notable He I λλλ5876Å 6678Å 7065Å features in its peak spectra, we have reason to believe this object can be reclassified as a Type Ib SN.
From all above we can carefully draw a conclusion that the majority of Type I SNe could be quantitatively classified according to their peak spectra. By measuring the line depth of λ6150Å and OI λ7774Å absorption around maximum light, we can simply give their location on the diagram and get their classification, with the only exception being the peculiar Ia2002cx, Ic-BL and possibly Ia-91T subtypes. Meanwhile, there is no more need to identify Helium feature in their spectra to give an exact classification of Type I CCSNe, which may help to enhance the accuracy of determining a Type Ib or Ic classification.
Though a more detailed classification of a Type I SN may benefit from comparison and matching between the candidate spectrum and some well-calibrated template, or even better, a spectroscopic model (e.g. Hachinger et al. 2012) , this simple and interactive line-depth classification method may give a quantitative way to classify these SNe, and thus could play an important role in the rapidly developing era of time-domain astronomy. Meanwhile, the physical implication of a(λ6150Å)/a(O I λ7774Å) we introduced is not clear. This would be a good and natural question to target with physical models.
SUMMARY
We have carried out a set of interactive λ6150Å and O I λ7774Å absorption line depth measurements on 181 Type I SN peak spectra. The Type I SN sample in this paper includes 146 SNe Ia (consisting of 133 normal Ia, 1 Ia-1991T, 21 Ia1991bg, 8 Ia-1999aa and 3 Ia-2002cx) the SN Ia objects we analyze here are from the low-redshift (z < 0.1) BSNIP sample, while the SNe Ib and Ic we study here are acquired from WISeREP, originally from various publications, including 6 unpublished PTF and iPTF CCSNe. All the spectra are taken within 5 days of the SN maximum dates. For SNe Ia the dates of maximum are defined in Bband while V-band or g-band is typically used for SNe Ib and Ic, due to previous studies biases. We found that the majority of Type Ia SNe (excluding Ia-2002cx) show prominent λ6150Å absorption with depths greater than 0.35, while SNe Ib and Ic do not exceed this threshold. SNe Ib generally show a shallower O I λ7774Å absorption than regular SNe Ic, resulting in a line depth ratio of λ6150Å to O I λ7774Å greater than 1. This value is below 1 for the regular SNe Ic in our dataset. Therefore we generalize a set of quantitative classification criteria for Type I SNe. These criteria are based on line depth measurements of λ6150Å and O I λ7774Å absorption regions in SN peak spectra and can distinguish all major classes of Type I SNe, except for peculiar SNe Ia-2002cx and Ic-BL events. We apply this differentiating method to 4 transitional or unclear SNe Ib/c spectra. We find the classification results we derive are in high consistency with some previous classifications by identifying helium features in SN spectra. The physical meaning of the line depth ratio of λ6150Å to O I λ7774Å remains in need of an explanation.
